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The heterotrimeric G proteins are an extended family of guanyl nucleotide-binding proteins that serve essential functions
in the mature nervous system but whose contributions to neuronal development remain poorly understood. We have
investigated the potential role of one speci®c G protein, Goa , in the control of neuronal migration. During embryogenesis
of the moth, Manduca sexta, an identi®ed population of undifferentiated neurons (the EP cells) migrate along sets of
visceral muscle bands to form part of the enteric nervous system. Previously, immunohistochemical studies indicated the
presence of Goa-related proteins in the EP cells during migration. We have now veri®ed this result, using probes derived
from the Goa gene in Manduca. A clone containing the full-length coding domain for Goa was sequenced from a Manduca
cDNA library; digoxigenin-labeled probes were then made from this clone and used to examine the developmental expres-
sion of the Goa gene during embryogenesis. Goa-speci®c transcripts could ®rst be detected in the EP cells several hours
before the onset of their migration. The level of Goa expression in all of the EP cells continued to increase during migration,
but subsequently was down-regulated in a subset of the postmigratory neurons at the time of their terminal differentiation.
This pattern of regulated expression is consistent with the distribution of Goa-related protein in the EP cells. We also used
a semi-intact culture preparation of staged embryos to investigate the effects of G protein-speci®c toxins on the migratory
process. Intracellular injections of the wasp toxin mastoparan, a speci®c activator of Goa- and Gia-related proteins, inhibited
the migration of individual EP cells. Injections of pertussis toxin (an inhibitor of Goa and Gia) or cholera toxin (a selective
activator of Gsa) had no effect on migration, although pertussis toxin treatments did cause a measurable increase in the
subsequent outgrowth of axonal processes. However, co-injection of mastoparan with pertussis toxin blocked the inhibitory
effects of mastoparan alone. These results suggest that Goa-coupled signaling events within the EP cells may down-regulate
their migratory behavior, possibly in response to inhibitory cues that normally guide migration in the developing embryo.
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INTRODUCTION tem, for example, migratory neurons have been shown to
respond to membrane-associated cues associated with adja-
cent radial glia (Bartsch et al., 1992; Fishman and Hatten,During the formation of the nervous system, the directed
1993) and to neurotransmitters such as glutamate andmigration of undifferentiated cells to their mature locations
GABA, which may act via speci®c receptor subtypes to reg-plays a central role in morphogenesis and in the expression
ulate motility (Behar et al., 1994; Komuro and Rakic, 1993).of position-speci®c phenotypes by both neurons and glia.
By contrast, the migration of neural crest cells during theFaced with a diversity of potential guidance cues within its
formation of the vertebrate peripheral nervous system maylocal environment, a migratory cell must respond ®rst by
be affected by a variety of molecules associated with theselecting an appropriate pathway and then by sustaining its
surrounding extracellular matrix (Bronner-Fraser, 1990), asmotile behavior for an appropriate duration before complet-
well as potentially diffusible compounds, such as steel fac-ing its differentiation. In the vertebrate central nervous sys-
tor (Wehrle-Haller and Weston, 1995) and members of the
transforming growth factor-b family (Delannet and Duband,
1992). Ultimately, the stimulatory and inhibitory effects1 To whom correspondence should be addressed at Dept. of Cell
of these guidance cues must be integrated via intracellularBiology and Anatomy L-215, 3181 SW Sam Jackson Park Rd., Port-
land, OR 97201. Fax: (503) 494-4253. E-mail: copenhav@ohsu.edu. signaling cascades to induce coherent changes in cytoskele-
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pathways are necessary for EP cell migration: surgically iso-
lated subsets of EP cells will continue to migrate along
individual muscle bands (but not onto the interband do-
mains of the visceral musculature), while ablation of one
or more of the muscle bands prevents neuronal migration
in the vicinity of the ablated pathway (unpublished data).
The accessibility of the EP cells in embryonic culture has
allowed us to examine the molecular mechanisms that con-
trol migration in the context of normal development.
Recently, we showed by immunohistochemical analysis
that the onset of EP cell migration coincides with the ex-
pression of one speci®c member of the heterotrimeric G
protein family, Goa (Horgan et al., 1994; and Fig. 1). The G
proteins (guanyl nucleotide-binding proteins) comprise an
extended family of intracellular signaling molecules, each
consisting of an a, b, and g subunit (Gilman, 1987; Simon
et al., 1991). These proteins are typically associated with
members of the moderately conserved, heptahelical class of
receptors (Mollen, 1991), although they may also interact
with a variety of nonreceptor proteins (Nishimoto et al.,
1993; Strittmatter et al., 1994). A number of G proteins
exhibit regional patterns of expression within the devel-
oping nervous system (e.g., Rius et al., 1991; Shinohara et
al., 1992), but the functional signi®cance of these patterns
FIG. 1. Migration of the EP cells into the enteric plexus coincides is poorly understood. In particular, members of the Goa
with their expression of Goa immunoreactivity. (A) The mature subtype are often highly expressed in regions of neuronal
enteric plexus (dorsal view); EP cells are distributed along the eight outgrowth and synaptogenesis in the developing CNS (Co-
muscle bands on the midgut (L1 ±L4 and R1±R4) and in radial nerve penhaver et al., 1995; Wolfgang et al., 1990; Chang et al.,
branches on the foregut. (B) From 55±60% of embryogenesis, EP 1988); they also constitute a major fraction of total protein
cells migrate into the enteric plexus; Goa immunoreactivity ®rst in growth cone membranes (Edmond et al., 1990). G pro-appears in neurons around migration onset (arrowheads) and then
teins have been implicated in the regulation of growth coneis seen later in axonal processes (small arrows). Double arrow, fore-
motility (Igarashi et al., 1993; Strittmatter et al., 1994) andgut±midgut boundary; RN, recurrent nerve. Scale bar, 0.05 mm.
in the chemotactic behavior of both polymorphonuclear
leukocytes and the slime mold Dictyostelium (Devreotes
and Zigmond, 1988). With respect to the migration of neu-
rons in a developing embryo, however, the role of speci®ctal assembly, thereby regulating both the traction and force
G proteins has remained unde®ned.generation needed to produce a motile response (Stossel,
To determine the identity of the G protein being ex-1993). Examples of neuronal migration have now been docu-
pressed by the migratory EP cells, we have now cloned andmented in many systems (e.g., Jacob, 1984; Salser and Ken-
sequenced a full-length cDNA encoding an authentic formyon, 1992), but the molecular events that underlie this fun-
of Goa in Manduca. Using probes derived from this clone,damental process have remained enigmatic.
we have shown that the expression of the Goa gene com-We are investigating the intracellular signaling mecha-
mences in the EP cells just prior to the onset of their migra-nisms that regulate neuronal motility in the enteric nervous
tion. The levels of expression in all of the neurons increasesystem (ENS) of the moth, Manduca sexta. As previously
throughout the migratory period, but are subsequentlydescribed (Copenhaver and Taghert, 1989b), the formation
down-regulated in a subset of EP cells, coincident with theof the ENS requires an extended phase of directed migration,
differentiation of their mature phenotypes. In addition, weduring which a population of 300 neurons (named the EP
have employed an embryonic culture preparation to injectcells) become distributed along a branching nerve plexus
G protein-speci®c toxins (mastoparan, pertussis toxin, and
on the visceral musculature (the enteric plexus; Fig. 1A).
cholera toxin) within individual EP cells during their migra-
Following their initial generation from an ectodermal plac- tion. The results of these experiments support a role for Goaode in the embryonic foregut (Copenhaver and Taghert, in regulating the extent or duration of neuronal migration
1990), the EP cells spread bilaterally around the gut, adja- within the developing ENS.
cent to the foregut±midgut boundary. Then, starting at
about 55% of development, the EP cells participate in a MATERIALS AND METHODS
rapid phase of migration (Fig. 1B), dispersing along a set of
Tissue Preparation and Immunoanalysiseight longitudinal muscle bands on the midgut and along
radial muscle ®bers on the foregut. Manipulations done in Timed egg collections were taken from a laboratory col-
ony of Manduca sexta and incubated at 257C; at this tem-semi-intact embryos have shown that these muscle band
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perature, embryonic development is complete in 100 hr (1 NaCl and 1% SDS, using the high ef®ciency hybridization
system of MRC. Random hexamer 32P-labeled probes werehr is equivalent to 1% of development). Embryos were
staged according to a schedule of internal and external prepared from an 800-bp EcoRI/EcoRV fragment from the
5* end of the Manduca cDNA clone for Goa . A control probemarkers (Copenhaver and Taghert, 1989a). Animals were
dissected to expose the ENS as described in Horgan et al. was also made against a 600-bp EcoRI/BamHI fragment
from a Drosophila cDNA clone for the ribosomal 49-kDa(1994). For immunohistochemical staining, animals were
®xed in 4% paraformaldehyde for 1 hr at room temperature. protein (gift of M. Forte). Washes were done in 1% SDS,
11 SSC at room temperature and at 557C. Blots were thenFor immunoblot and Northern blot analyses, tissues from
identically staged animals were dissected in culture me- exposed to X-ray ®lm for 24±72 hr.
dium and immediately frozen on dry ice. To visualize the
EP cells, embryos were incubated in whole mount with the
Whole-Mount in Situ Hybridizationmonoclonal antibody TN-1 (1:20,000; gift of P. Taghert),
which recognizes a molecule related to fasciclin II (Nardi, Animals were dissected to expose the ENS and ®xed with
4% paraformaldehyde for 1±2 hr, dehydrated in ethanol,1992; and P. Copenhaver, unpublished data) that is ex-
pressed by the neurons throughout their migration (Copen- and then rehydrated into PBS plus 0.1% Tween 20. The
tissue was then re®xed for 20 min and digested for 5 minhaver and Taghert, 1989b). Goa-related proteins were de-
tected using an af®nity-puri®ed antiserum against Goa at with 50 mg/ml Proteinase K (Boehringer, Indianapolis, IN).
After rinsing in 2 mg/ml glycine, the tissue was ®xed again1:10,000 (Goldsmith et al., 1987; gift of M. Forte). The speci-
®city of this antibody for Goa has previously been described for 20 min and incubated in hybridization solution (50%
deionized formamide, 51 SSC, 10 mg/ml herring spermin detail (Horgan et al., 1994; Wolfgang et al., 1990). Bound
antibodies were visualized using the avidin±biotin±HRP DNA, 100 mg/ml tRNA, 50 mg/ml heparin, 0.1% Tween 20,
in DEPC-treated dH20). The tissue was then hybridized withprotocol of Vector Laboratories (Burlingame, CA). For im-
munoblotting, protein was extracted from pooled tissue digoxigenin-labeled probes made from the same EcoRI/
EcoRV fragment of the Goa clone described above, usingsamples and quanti®ed using the BCA protein assay method
(Pierce, Rockford, IL). One hundred micrograms of each pro- digoxigenin-11±UTP (Boehringer) after the method of Tautz
and Pfei¯e (1989). Probes were boiled for 5 min and thentein sample was then separated on 10% acrylamide gels,
blot-transferred to nitrocellulose, and reacted with the same added to the hybridization solution at 20% (vol/vol) for hy-
bridization against the tissue for 48 hr at 487C. Alterna-anti-Goa antiserum used for immunohistochemistry (at 1±
5 mg/ml). Bound antibody was visualized with an alkaline tively, single-strand probes were generated in both sense
and antisense con®gurations by linearizing the Goa clonephosphatase-conjugated secondary antiserum, followed by
reaction with nitroblue tetrazolium and 5-bromo-4-chloro- and generating runoff probes using T7/T3 primers with Taq
polymerase (Promega) in a PCR reaction, after the method3-indolyl phosphate (Promega, Madison, WI).
of Patel and Goodman (1992). Probes prepared in this man-
ner were then fragmented by being boiled for 40±60 min in
Isolation and Sequencing of Goa-Related cDNAs hybridization buffer before being added to tissue samples.
After rinsing, the tissue was incubated in an alkaline phos-A cDNA library from Manduca brain (in Lambda ZAP;
gift of F. Horodyski) was screened with a 32P-labeled probe phatase-conjugated anti-digoxigenin antibody (Boehringer;
diluted 1:2000) that had been preadsorbed against Manducaprepared by nick-translation from a 1.2-kb BamHI/EcoRI
fragment of a clone for Drosophila Goa (Thambi et al., 1989; skeletal muscle. Detection of bound antibody was per-
formed in 100 mM NaCl, 50 mM MgCl2, 100 mM Tris, 100gift of M. Forte). Hybridizations were performed in 51 SSC,
51 Denhardt's solution, 1% SDS, 50 mM NaPi, and 1% dry M levamisol, 0.1% Tween 20, pH 9.5, and the appropriate
enzymatic substrates.milk for 48 hr at 377C. Approximately 4 1 105 plaques were
screened. The ®lters were then washed at low stringency
in 11 SSC, 0.2% SDS at 507C. Positive clones were further
Embryonic Culture and Intracellular Injectionscharacterized by restriction digests, and selected fragments
were subcloned into Bluescript for sequencing by the di- Staged embryos were isolated in a modi®ed culture me-
dium and minimally dissected to expose the developingdeoxy nucleotide chain termination method (Sanger et al.,
1977). ENS (Horgan et al., 1994). G protein-speci®c toxins (sus-
pended in culture medium, with 0.1% DMSO) were then
introduced by bath application directly onto the developing
Northern Blot Analysis ENS. Alternatively, individual EP cells were injected at spe-
ci®c times during migration with a WPI pressure injector,RNA was prepared from embryonic and postembryonic
tissues using the Tri-Reagent extraction method (MRC; while the preparation was viewed with a modi®ed Nikon
UM-2 compound microscope equipped with Nomarski op-Cincinnati, OH). Approximately 10 mg total RNA of each
sample was separated on 1% agarose±formaldehyde gels tics and a 40X water immersion lens. Electrodes were ®lled
at the tip either with a buffered control solution (containingand transferred onto nylon membranes. Gels were stained
with methylene blue to monitor for equal loading. The blots mixtures of 10±20 mg/ml tetramethylrhodamine dextran
and biotin dextran; from Molecular Probes, Eugene, OR) orwere then destained and hybridized for 72 hr at 627C in 0.9%
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with the same control solution mixed with G protein-spe- mini of other Ga subunits. The nucleotide sequence around
the proposed initiator ATG (CTGCCATGG) is also a goodci®c toxins (Biomol, Plymouth Meeting, PA). Mastoparan
was prepared at an injection concentration of 100±500 mM; match for the Kozak consensus sequence for translation
initiation (CC(A/G)CCATGG; Kozak, 1986). The predictedpertussis toxin (activated A protomer) was prepared at an
injection concentration of 50±100 mg/ml; and cholera toxin protein contains many of the hallmark features found in
other G proteins, including several conserved sequence do-was preactivated by incubation with dithiothreotol (50 mM
for 20 min at 377C) and injected at 100 mg/ml. Actual intra- mains (regions A, C, E, and G in Figs. 2 and 3) that are
thought to be important for GTP binding and hydrolysiscellular concentrations of these toxins were approximately
100-fold lower, based on our estimates of injection volumes. (Halliday, 1984). The clone did not include an obvious poly-
adenylation site, however, suggesting that it does not con-For bath application, pertussis toxin (intact molecule;
Gibco/BRL) was preactivated with 1 M dithiothreitol and tain a complete 3 * untranslated region.
Figure 3 shows the alignment of the deduced amino acidused at concentrations of 10±100 ng/ml.
Following these treatments, the embryos were then al- sequence with sequences for G proteins from other species.
There is strongest conservation between the Manduca pro-lowed to develop for 12 hr at 287C, after which they were
®xed, incubated in avidin±HRP (Vector Laboratories), and tein and other members of the Goa family, including the two
reported isoforms of Drosophila Goa (both 93% identical;reacted with 1.4 mM diaminobenzidine (DAB), 0.001%
H2O2, and 1% NiCl, which resulted in a black reaction Thambi et al., 1989) and rat Goa (82%; Jones and Reed, 1987),
with substantially less similarity to Drosophila Gia and Gsaproduct in the injected cells. The preparations were then
counterstained with the antibody TN-1 as described above, (64 and 43%, respectively; Provost et al., 1988; Quan et al.,
1989). Sequence conservation is particularly strong in regionsusing DAB±H2O2 without NiCl (to produce a brown reac-
tion product). Using photomicrography and camera lucida that distinguish Goa-related proteins from other G proteins
(Masters et al., 1986). For example, residues 116±148 aretechniques, the distances of migration and axonal out-
growth were then calculated for all EP cell groups on the 94% identical to ¯y Goa and 78% identical to rat Goa , but
only 50 and 34% identical to ¯y Gia and Gsa, respectively.dorsal midgut pathways. Migratory distances in both experi-
mental and control preparations were measured with re- In addition, the carboxy-terminal decapentapeptide is 100%
conserved with rat Goa , which encodes the peptide sequencespect to the foregut±midgut boundary, pooled by group, and
subjected to statistical analysis using Student's t test. For that was used to generate the Goa-speci®c antiserum de-
scribed above (Goldsmith et al., 1987). This region also con-neurons that had been intracellularly injected, the distance
of migration was calculated as a percentage of the distance tains a cysteine four residues from the carboxy terminus
(asterisk in Fig. 2) that represents the predicted site for ADP-traveled by the leading neuron on the same pathway, to
normalize for intrinsic variability between different EP cell ribosylation by pertussis toxin (West et al., 1985). Together,
these similarities indicate that the 1.8-kb insert encodes agroups. The relative distributions of injected and uninjected
EP cells were then photographed and documented by cam- full-length sequence for Manduca Goa.
era lucida techniques for statistical analysis. In some prepa-
rations, individual EP cells were also labeled with a solution
Tissue Distribution of Goa Gene Expressionof 25 mg/ml DiI (1,1*-dioctadecyl-3,3,3 *,3 *-tetramethylin-
docarbocyanine perchlorate; Molecular Probes). When immunoblots of Manduca protein were stained with
an antibody speci®c for Goa (Fig. 4A), a single prominent
protein species was detected in extracts from prothoracic
gland (lane PT), nervous system (lane NS), and the midgutRESULTS
muscle bands (lane B; including the postmigratory EP cells),
but not in extracts of the adjacent interband musculatureIsolation of a cDNA Clone for Goa (lane IB; lacking the EP cells) or in several control tissues
(including skeletal muscle and fat body; see also Horgan etTo show that the migratory EP cells express authentic
Goa during their migration, we used probes derived from a al., 1994). The immunoreactive protein had an apparent mo-
lecular mass of 40 1 103, which coincided with the pre-clone of Drosophila Goa (Thambi et al., 1989) to screen a
Manduca cDNA library made from developing adult brain dicted mass of the protein encoded by the 1.8-kb clone for
Manduca Goa and with authentic Goa from DrosophilamRNA. Two distinct inserts (approximately 1.8 and 3.6 kb)
were isolated and characterized by restriction analysis. (Wolfgang et al., 1991). The larger protein species (47 1
103) in nervous system extract was only rarely observed andBased on similarities with the restriction digest pattern for
Drosophila Goa, the 1.8-kb insert was selected for further may be due to incomplete denaturation. When probes against
the 5* end of the cloned cDNA for Manduca Goa were usedanalysis; the identity of the 3.6-kb insert is still under inves-
tigation. The complete nucleotide and deduced amino acid in a Northern blot analysis of the same tissues, a similar
expression pattern for Goa-related transcripts was found (Fig.sequences of the 1.8-kb clone are shown in Fig. 2. The insert
contains one long open reading frame encoding a 354-resi- 4B). An intensely hybridized mRNA of about 6 kb was seen
in prothoracic gland, nervous system, and bands, with onlydue protein with a calculated mass (Mr) of 40.6 1 103. The
initiator methionine was selected by alignment with the trace amounts detectable in the other tissues. A second tran-
script (approx. 3.5 kb), although much less strongly hybrid-conserved Met-Gly-Cys sequence found at the amino ter-
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FIG. 3. Alignment of amino acid sequence for Manduca Goa with other Ga subunits. The deduced sequence from the 1.8-kb clone (MGoa)
has been aligned with the two known isoforms of Drosophila Goa (DGoa1 and DGoa2), rat Goa (RGoa), Drosophila Gia (DGia), and Drosophila
Gsa (Gsa). Residues identical to Manduca Goa are shown as shaded asterisks. Putative regions of guanyl nucleotide-binding and hydrolysis
(A, C, E, and G) in the Manduca sequence are overlined (see Fig. 2).
ized, showed a similar distribution pattern. In Northern blots mental expression of Goa-speci®c transcripts within the EP
that were substantially overexposed, a third transcript at cells throughout their migratory period. Figure 5 shows a
about 2 kb was also detected in all tissues examined (not series of developmental stages stained either with the cell
shown). Methylene blue staining of the 1.8-kb ribosomal surface marker TN-1 (top) or by whole-mount in situ hy-
RNA band (Fig. 4B, bottom) indicated that equivalent bridization for Goa . Prior to about 52% of development (Fig.
amounts of RNA were loaded in each lane. These results 5A), no detectable expression of the Goa gene could be seen
showed that the distribution of transcripts corresponding to within the premigratory EP cells (Fig. 5E), although there
our cDNA clone for Goa coincided with the predicted pat- were substantial levels of Goa expression within the CNS
terns of Goa gene expression, based on the distribution of at this time (Fig. 6). Then, starting at about 54% of develop-
Goa-related proteins in postembryonic tissues. ment (Fig. 5B), faint levels of staining could ®rst be seen
within the EP cells that were closest to the foregut±midgut
Developmental Expression of Goa during Neuronal boundary (Fig. 5F). By 56%, after the onset of migration (Fig.
Migration 5C), all of the actively migrating neurons showed detectable
levels of cytoplasmic staining (Fig. 5G). The levels of GoaUsing digoxigenin-labeled probes made from the cloned
insert for Manduca Goa, we next examined the develop- expression appeared to increase in the EP cells as they mi-
FIG. 2. A cDNA from Manduca encodes an authentic form of Goa . (A) Restriction map of the 1.8-kb clone. (B) Nucleotide and deduced
amino acid sequence of the single large open reading frame. Nucleotide 1 indicates the ATG translation start codon. Putative regions of
guanyl nucleotide-binding and hydrolysis (A, C, E, and G) are overlined. The C-terminal decapentapeptide (underlined) shows 100%
conservation with rat Goa . The asterisk shows the putative binding site for pertussis toxin.
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distribution of Goa-speci®c mRNA and protein in the ma-
ture ENS, we found that robust levels of expression per-
sisted in approximately half of the midgut EP cells (Figs.
6A and 6B), while no detectable expression was seen in
their interspersed neighboring cells. Colocalization of Goa-
speci®c mRNA and protein was also demonstrated in the
embryonic CNS. Strong levels of Goa immunoreactivity
were present in both the cortical regions (containing the
neuronal cell bodies) and central neuropil (containing their
processes) of the segmental ganglia (Fig. 6D; Copenhaver et
al., 1995), while Goa-speci®c transcripts were con®ned to
the neuronal somata, as expected (Figs. 6E±6F). No hybrid-
ization staining was detected in a variety of control reac-
tions, including the omission of digoxigenin probe or the
application of sense-oriented probes (Fig. 6C).
We also examined the developmental pattern of Goa gene
expression by Northern blot analysis of mRNA from the
embryonic gut (containing the EP cells) and body (including
the CNS) at selected stages of development (Fig. 7). At 30±
35% of embryogenesis, shortly after the generation of the
EP cells (Copenhaver and Taghert, 1990), little or no Goa
expression was seen in the gut-derived mRNA (Fig. 7, lane
A), although there were detectable levels of expression else-
where in the body (Fig. 7, lane E). By 50±55%, however, a
robust signal was seen in gut-associated mRNA (Fig. 7, lane
FIG. 4. Distribution of Goa-speci®c protein and mRNA in post- B), coincident with the onset of Goa expression by the EP
embryonic tissues. (A) Immunoblot of extracted proteins stained cells (Fig. 5). The relative levels of expression continued to
with an af®nity-puri®ed anti-Goa antiserum. The protein band at increase in both the gut (Fig. 7, lanes C and D) and body40 1 103 coincides with the predicted mass of Goa ; the larger (Fig. 7, lanes G and H) throughout the remainder of em-
protein band (47 1 103) may be due to incomplete denaturation. bryogenesis. In most embryonic stages examined, only the
(B) Northern blot of mRNA extracted from the same tissues and
larger transcript (approx. 6 kb) could be detected, althoughreacted with a 32P-labeled probe made from the 1.8-kb clone for
faint levels of the 3.5- and 2-kb transcripts could be seenManduca Goa ; transcripts of 6 and 3.5 kb were predominantly
by the completion of development (100%; Fig. 7, lanes Dfound in the same tissues that contained substantial amounts of
and H).Goa-related protein. (Bottom) Methylene blue staining of the 1.8-
kb ribosomal RNA band in the original gel showed that equal
amounts of RNA were loaded per lane. PT, prothoracic gland; NS,
Effects of G Protein Activity on EP Cell Migrationcentral nervous system; B, midgut bands containing the EP cells;
IB, interband midgut muscles without EP cells; SM, skeletal mus- The onset of Goa expression in the EP cells coincident
cle; FB, fat body. with their migration suggested that this intracellular signal-
ing molecule might be involved in regulating one or more
aspects of migratory behavior. Using an embryonic culture
preparation that provides access to the developing ENSgrated throughout the ENS, both along the muscle bands of
the midgut (Fig. 5H; 58%) and onto the radial muscle ®bers (Horgan et al., 1994), we exposed the EP cells to one of
several G protein-speci®c toxins and then monitored theof the foregut (not shown).
Following the completion of migration, the EP cells con- effects of these treatments on their migratory behavior. In-
dividual EP cells were injected either with a control solu-tinue to extend axonal processes along the visceral muscula-
ture (from60±75% of development) and acquire their ma- tion containing dextran-coupled marker dyes (Dx; Fig. 8A)
or with solutions that also contained a variety of G protein-ture transmitter phenotypes (Copenhaver and Taghert,
1989a,b). Although individual EP cells are not uniquely speci®c toxins (Dx / toxin). Following the completion of
the migratory period (8±12 hr in culture), the preparationsidenti®able, several distinct neuronal subtypes become ap-
parent within the population at this time, including one were ®xed and counterstained so that the positions of the
injected neurons could be compared with that of their unin-subtype that expresses peptides related to the molluscan
peptide Phe-Met-Arg-Phe-amide (FMRFamide; Copenhaver jected neighboring cells (Fig. 8B, open and solid arrows). For
consistency, we always injected EP cells within the leadingand Taghert, 1989a). Previously, we showed that this peptid-
ergic subtype continues to be immunoreactive for Goa but group of migratory neurons (Fig. 9A) and subsequently mea-
sured the distance of their migration with respect to thethat other EP cells on the midgut do not (Horgan et al.,
1994), suggesting that the Goa gene is differentially regu- leading neuron on the same muscle band (Figs. 9B±9C).
Control neurons that were injected with dextran-conjugatedlated in the postmigratory neurons. When we compared the
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FIG. 5. Developmental expression of Goa in the migratory EP cells. (A±D) Embryos stained with the monoclonal antibody TN-1, a cell-
surface marker to indicate EP cell positions. (E±H) Identically staged embryos stained by whole-mount in situ hybridization histochemistry
with digoxigenin-labeled probes for Manduca Goa . Arrows indicate equivalent EP cell positions in the matched photographs. (A and E)
At 52%, the premigratory EP cells show no Goa transcript expression (dotted outline in E indicates EP cell position). (B and F) At 54%,
the EP cells show a faint hybridization signal, just prior to migration onset. (C and G) At 56%, increased levels of staining can be seen
in the EP cells as they migrate onto the midgut muscle bands. (D and H) At 58%, all of the EP cells on the midgut still show strong
levels of Goa expression; staining is restricted to the cytoplasm surrounding the large nuclei of the migratory neurons. Hatchmarks indicate
the foregut±midgut boundary. Scale bar, 50 mm.
dyes exhibited some variability in the extent of their migra- overall morphology of the injected neurons appeared normal
at the termination of these experiments (Fig. 9).tion, consistent with our earlier observations that EP cells
in the mature ENS are stochastically distributed along the We also treated the EP cells with pertussis toxin, which
in other systems has been shown to inhibit Goa- and Gia-muscle bands (Copenhaver and Taghert, 1989a). On average,
however, the injected control neurons migrated approxi- related subtypes by ADP-ribosylating a cysteine residue
near their carboxyl termini (West et al., 1985). In contrastmately 54 { 5% (SEM) as far as the leading neuron on the
same pathway (Fig. 8C). In contrast, when cells were in- to mastoparan, intracellular injections of the active A pro-
tomer of pertussis toxin caused no signi®cant changes injected with mastoparan, a wasp venom that selectively acti-
vates Goa- and Gia-related G proteins (Higashijima et al., the migratory behavior of treated cells compared with con-
trols (Fig. 8C). Similarly, when preactivated pertussis toxin1990), there was a pronounced reduction in the extent of
their migration (32{ 5%). There was no detectable increase was used to treat the entire EP cell population by bath appli-
cation, there was no signi®cant effect seen on EP cell migra-in EP cell death as a result of these injections, and the
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tion, although these treatments did cause a measurable in- duca tissues (Fig. 4) and closely matches the size of Goa
crease in the subsequent outgrowth of their axonal pro- from Drosophila (Thambi et al., 1989). The Manduca pro-
cesses (measured in terms of axonal length from the tein also contains a putative binding site for pertussis toxin
foregut±midgut boundary; Table 1). However, when pertus- (Fig. 2) in an identical position to that seen in ¯y and rat
sis toxin was co-injected with mastoparan into individual Goa (Jones and Reed, 1987; Thambi et al., 1989). Last, the
EP cells, it eliminated the inhibitory effects of mastoparan expression patterns of mRNA corresponding to this clone
alone (Fig. 8C). Injections of cholera toxin, which acts selec- are identical to the distribution of Goa-related proteins in
tively on Gsa-related proteins (Freissmuth and Gilman, both tissue extracts and whole-mount embryos. On the ba-
1989), also had no effect on migration. These results indi- sis of these results, we conclude that the 1.8-kb clone from
cate that the effects of mastoparan on EP cell migration Manduca encodes an authentic form of Goa .
involve a pertussis-sensitive G protein. They are also con- Whereas in our immunoblot analysis we typically de-
sistent with previous data showing that Goa is the only G tected only a single protein band (at 40 kDa), we could
protein that we have detected in the EP cells during migra- detect as many as three distinct transcript sizes (with appar-
tion (Horgan et al., 1994), suggesting that stimulation of Goa ent sizes of 6, 3.5, and 2 kb) in Northern blots of the same
in the EP cells induces a down-regulation of their motile tissues. In Drosophila, a single gene for Goa has been identi-
behavior. A model for the role of Goa during migration is ®ed that produces at least two distinct transcripts by alter-
discussed below. native splicing at the 5* end of the coding region (de Sousa
et al., 1989; Thambi et al., 1989; Yoon et al., 1989). Multiple
transcripts have also been found in Northern blots of ¯y
DISCUSSION mRNA (ranging in size from 6.0 to 3.4 kb), which show
some tissue-speci®c differences in expression (Thambi et
Goa Gene Expression in the Developing Nervous al., 1989; Yoon et al., 1989). In the present study, we only
System characterized a single cDNA clone for Goa from Manduca;
whether alternative processing of Goa mRNA contributesSeveral lines of evidence indicate that the 1.8-kb cDNA
to transcript heterogeneity in this species remains to beclone described in this paper encodes an authentic form of
determined. Similarly, in both invertebrates and verte-Goa . Both the primary sequence and the deduced amino
brates, there is also evidence for multiple isoforms of Goaacid sequence of this clone contain a strong degree of conser-
proteins with closely similar molecular weights and antige-vation with Goa proteins from other species, whereas a com-
nicities (de Sousa et al., 1989; Goldsmith et al., 1987;parison with other insect G proteins (including Gia and Gsa)
Thambi et al., 1989). Since the af®nity-puri®ed antiserumshowed more modest levels of sequence identity. The simi-
used in this study was directed against the conserved C-larity of Manduca Goa with ¯y Goa was particularly strong
terminus of Goa , it would probably not distinguish amongin regions that have previously been used to distinguish
putative Goa isoforms.Goa-related molecules from other heterotrimeric G proteins
Nevertheless, the combined application of our probes(Masters et al., 1986), including the C-terminal peptide that
against Goa-speci®c mRNA and protein revealed a consis-was used to generate the Goa-speci®c antiserum used in
tent pattern of Goa gene expression in both embryonic andthis study (Goldsmith et al., 1987). The predicted size of
postembryonic tissues. In particular, we found a good cor-the encoded protein (41 kDa) coincides with the single
prominent band detected by immunoblot analysis of Man- relation between Goa-speci®c transcription and transla-
FIG. 6. Colocalization of Goa-related protein and transcript expression in the nervous system following EP cell migration. Black arrows
indicate positively stained cells; white arrowheads indicate EP cells that no longer show detectable levels of expression. (A) Goa immunore-
activity in the EP cells on the midgut of a mature embryo (at the time of hatching); robust staining is still present in a subset of the EP
cells, interspersed with other neurons that are no longer expressing detectable levels of the protein. (B) Same developmental age stained
by in situ hybridization with Goa-speci®c probes; a similar pattern of differential expression is seen in a subset of the mature EP cells.
(C) Sense-oriented probes showed no positive staining in either neural or nonneural tissue. White arrowheads indicate the position of the
middorsal EP cells and muscle bands on the embryonic midgut at 60% of development. Black hatchmarks indicate the foregut±midgut
boundary (same as in Fig. 5). (D) Goa immunoreactivity in an abdominal ganglion of a 55% embryo; positive staining can be seen in both
the cortical cell bodies and the centrally located neuropilar regions (np). (E) Goa-speci®c in situ hybridization staining in an identically
staged ganglion; positive signal is restricted to the neuronal somata. (F) Lower magni®cation of in situ hybridization staining for Goa in
the brain (br) and segmental ganglia at 55% of development. Scale bar, 50 mm for A±E and 150 mm for F.
FIG. 9. Dye-labeled EP cells before and after migration. (A) Two leading EP cells at the foregut±midgut boundary, labeled at the onset
of migration with DiI. (B) Position of an EP cell (arrow) that was injected at migration onset with dextran-coupled markers and then ®xed
and stained after 8 hr in culture. The surrounding EP cells were counterstained with TN-1. (C) Position of an EP cell (arrow) after 8 hr
in culture that was injected at migration onset with both dextran-coupled markers and mastoparan. Arrowheads in B and C indicate the
leading uninjected neurons on the same pathways as the injected cells. Hatchmarks indicate the foregut±midgut boundary (as shown in
Fig. 5). Scale bar, 50 mm.
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migration, we initially thought that Goa might be involved
in triggering the migratory process. For example, activation
of Go-coupled receptors in response to local environmental
FIG. 7. Developmental expression of Goa-speci®c transcripts dur-
ing embryogenesis. A 32P-labeled probe made from the 1.8-kb clone
for Manduca Goa was used for hybridization to a Northern blot of
mRNA isolated from the embryonic gut regions containing the
EP cells at the following stages of development: lane A, 30±35%
embryos; lane B, 50±55% embryos; lane C, 70±75% embryos; lane
D, 100% (hatchling). (Lanes E±H) mRNA extracted from the bodies
(including the CNS) of the same ordered stages. (Bottom) Methylene
blue staining of the 1.8-kb ribosomal RNA band in the original gel
showed that approximately equal amounts of RNA were loaded per
lane.
tion in the migratory EP cells: Goa mRNA could ®rst be
detected at 52% of development, while Goa immunore-
activity appeared shortly thereafter (at 54±55%; Horgan
et al., 1994). Similar results were obtained by Northern
blot analysis (Fig. 7), which showed barely detectable lev-
els of Goa transcript expression in the gut prior to migra-
tion (at 30±35% of development), but a substantial in-
crease in expression levels by 50±55%, coinciding with
migration onset. Some diminution in signal intensity was
seen in extracts of 75% embryonic gut (Fig. 7, compare
lanes B and C), which may simply be due to variability in
our extraction technique. Alternatively, we observed that
some of the EP cells stopped expressing Goa-related mRNA
once migration was complete (Fig. 6). As previously noted
by immunohistochemical staining (Horgan et al., 1994),
FIG. 8. Intracellular injection of mastoparan causes apertussis-sensi-all of the EP cells contain Goa-related proteins during mi- tive inhibition of EP cell migration. (A) Individual EP cells were in-
gration, but only a subset shows persistent Goa expression jected at55% of development with either dextran-conjugated mark-
once they have completed their differentiation. This same ers (Dx) or with a solution that also contained G protein-speci®c
subset of neurons also commences the expression of a pep- toxins (Dx / toxin). (B) After 8±12 hr in culture, the preparations
tidergic phenotype at this time (Copenhaver and Taghert, were ®xed and stained to show the relative position of the dye-injected
cells (solid arrows) with respect to the leading uninjected cell on the1989b; Horgan et al., 1994). Thus, the same G protein may
same pathway (open arrows). (C) The distances of migration for dye-serve distinct functions during the migration of immature
injected cells were calculated as a percentage of the distance traveledEP cells and in the mature ENS.
by the furthest cell on the same pathway. Dx, control cells injected
with dextran markers. Masto, cells injected with 100mM mastoparan.
Ptx, cells injected with 10 ng/ml pertussis toxin. Masto / Ptx, cellsGoa in the Control of Neuronal Migration
injected with 100 mM mastoparan and 10 ng/ml pertussis toxin. Ctx,
The developmental expression of Goa during EP cell mi- cells injectedwith 100 mg/ml cholera toxin. Final intracellular concen-
gration suggests that this intracellular signaling molecule trations were estimated to be 100-fold less than the electrode con-
might modulate speci®c aspects of the migratory process. centrations. Numbers, N cells injected. *Migration of mastoparan-
Since the ®rst appearance of detectable levels of Goa-spe- injected cells was signi®cantly less than controls (P 0.01; Student's
t test). All other treatments were not signi®cantly different.ci®c transcripts and protein coincided with the onset of
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TABLE 1 ing mechanisms are not the only means of limiting EP cell
Effects of Pertussis Toxin on EP Cell Motility migration. Speci®cally, we found that injections of pertussis
toxin alone did not result in exuberant or inappropriate mi-
% of gration, as might be expected if Goa activation was explic-
controls N P itly necessary for terminating the migratory process. Simi-
larly, while bath applications of pertussis toxin did cause aCell migration
measurable increase in process outgrowth (Table 1), there
Controls 100 { 22 16 was no evidence of aberrant or misdirected axonal sprout-
PTX (10 ng/ml) 95 { 14 16 ns ing, as might be expected if Goa-mediated events werePTX (100 ng/ml) 86 { 22 8 ns
uniquely involved in down-regulating neuronal motility.
These results indicate that within the developing embryo,
Process outgrowth
there may exist both Goa-dependent and -independent pro-
Controls 100 { 11 8 cesses that act in concert to restrict the extent of neuronal
PTX (10 ng/ml) 125 { 21 8 0.02 migration. A similar conclusion may be inferred from the
PTX (100 ng/ml) 140 { 10 8 0.001 effects of deletion mutations for Goa in the nematode,
which caused a number of abnormalities in adult behaviorNote. Distances are shown as percentage of controls ({SD). N,
but no gross defects in neuronal development (SeÂgalat et al.,number of preparations measured. P, statistical signi®cance of ex-
1995; Mendel et al., 1995). An appealing model suggested byperimental values compared with controls; ns, not signi®cantly
our data is that Goa-mediated signaling events within thedifferent from controls.
EP cells may underlie their response to inhibitory cues on
nonpermissive domains of the midgut. By this model, the
activation of Goa-coupled receptors might induce local
steering responses of the EP cells away from inappropriatestimuli might lead to the initiation of migration. Our ma-
nipulations of G protein activity in the EP cells failed to domains, such as the interband musculature, thereby con-
®ning migration to the longitudinal muscle bands. The ro-support this hypothesis, however. Exposing the EP cells to
pertussis toxin (an inhibitor of mammalian Go and Gi) pro- bust inhibitory action of injected mastoparan would there-
fore re¯ect an extreme example of the normal modulatoryduced no discernible inhibition of EP cell migration. These
results indicate that Goa-mediated events are not required effect of Goa on migratory behavior. A similar model has
recently been proposed for the effects of collapsin, a secretedfor the initiation of migration.
Alternatively, the role of Goa in the EP cells might be to protein in the developing vertebrate nervous system that in
vitro can cause a complete inhibition of growth cone motil-terminate the migratory process. As previously described
(Copenhaver and Taghert, 1989a,b), the period of active mi- ity, but in vivo may provide a more graded effect on growth
cone guidance (Fan and Raper, 1995). We are currently test-gration is relatively brief (lasting from 55±60% of develop-
ment), after which the EP cells extend axonal processes and ing for putative inhibitory cues of this type that might be
associated with the visceral musculature in Manduca.acquire their mature neuronal phenotypes. Conceivably,
Goa-coupled receptors within the EP cells might respond to G-protein-coupled signaling mechanisms have been
shown to modulate cellular motility in a variety of otherlocalized cues along the muscle bands, triggering a cessation
of migratory behavior and initiating their subsequent differ- contexts. In the slime mold Dictyostelium, for example,
the chemotactic response of individual cells to diffusibleentiation. In support of this model, intracellular injections
of the wasp toxin mastoparan (a speci®c activator of Go and cAMP requires receptor-mediated activation of one speci®c
Ga subunit (Ga2; Kumagai et al., 1991). Directed migratoryGi) caused a marked inhibition of migration in individual
EP cells, without affecting the behavior of the surrounding behavior in a variety of hematopoeitic cell types (responding
to speci®c growth factors or other chemoattractants) hasneurons or inducing any measurable increase in cell death.
Signi®cantly, the effects of mastoparan were abrogated by also been shown to be a G protein-coupled event, although
the speci®c G proteins involved vary with respect to partic-co-injection of pertussis toxin, indicating that the effects of
mastoparan involve a pertussis toxin-sensitive G protein. ular stimuli (Devreotes and Zigmond, 1988; Amatruda et
al., 1993). In another form of neuronal motility, the exten-To date, the only G protein that has been shown to be
modi®ed by pertussis toxin in insects is Goa (Provost et al., sion of growth cones and growth cone-like processes, G
proteins have been shown to mediate cell-speci®c responses1988; Thambi et al., 1989), and as already noted, we have
found no detectable Gia expression within the EP cells at to diffusible neurotransmitters (e.g., Behar et al., 1994; Hay-
don et al., 1984) and cell adhesion molecules (Doherty andany stage of their development (Horgan et al., 1994; and
unpublished observations). Cholera toxin, which selectively Walsh, 1994). In particular, the inhibitory effects of proteins
isolated from CNS myelin that curtail neurite outgrowthactivates Gsa by ADP ribosylation (Freissmuth and Gilman,
1989), also had no effect on migration. These results indi- are mimicked by mastoparan and blocked by pertussis toxin
(Igarashi et al., 1993). Recently, Goa has also been showncate that in the developing EP cells, the normal role of Goa
may be to provide a means of down-regulating their migra- to interact with another prominent protein in growth cones,
GAP 43, possibly contributing to the regulation of growthtory behavior.
However, our data also indicate that Goa-coupled signal- cone motility or shape (Strittmatter et al., 1994). The role of
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pearance and immunocytochemical localization in the brain.G proteins in migratory neurons, however, and the potential
Proc. Natl. Acad. Sci. USA 85, 4929±4933.mechanisms by which G proteins may regulate their motile
Copenhaver, P. F. (1993). Origins, migration, and differentiation ofbehavior, have remained poorly de®ned. Recently, we have
glial cells in the insect nervous system from a discrete set of glialfound that transient increases in intracellular calcium will
precursors. Development 117, 59 ±74.also inhibit EP cell migration (Copenhaver and Horgan, un-
Copenhaver, P. F., Horgan, A. M., and Rasmussen, M. A. (1995).
published observations). We are now investigating whether Developmental expression of heterotrimeric G proteins in the
the modulatory effects of Goa on the migratory process may nervous system of Manduca sexta. J. Neurobiol. 26, 461±484.
involve regulated changes in intracellular calcium within Copenhaver, P. F., and Taghert, P. H. (1989a). Development of the
individual EP cells. enteric nervous system in the moth. I. Diversity of cell types and
Our current results provide evidence that Goa contributes the embryonic expression of FMRFamide-related neuropeptides.
Dev. Biol. 131, 70±84.to the regulation of migratory behavior of developing enteric
Copenhaver, P. F., and Taghert, P. H. (1989b). Development of theneurons in Manduca. Both Goa-speci®c mRNA and protein
enteric nervous system in the moth. II. Stereotyped cell migra-are expressed within the EP cells coincident with their mi-
tion precedes the differentiation of embryonic neurons. Dev. Biol.gratory phase of development, in contrast to other G pro-
131, 85±101.teins that we have examined. The inhibitory effects of G
Copenhaver, P. F., and Taghert, P. H. (1990). Neurogenesis in theprotein activity on EP cell migration, while not completely
insect enteric nervous system: Generation of pre-migratory neu-
characterized, support a role for Goa in regulating speci®c rons from an epithelial placode. Development 109, 17±28.
aspects of the migratory process. With the cloning and char- Delannet, M., and Duband, J.-L. (1992). Transforming growth fac-
acterization of Goa from Manduca, it will now be possible tor-b control of cell-substratum adhesion during avian neural
to conduct more speci®c manipulations of Goa expression crest cell emigration in vitro. Development 116, 275 ±287.
in the EP cells, using intracellular injections of antisense de Sousa, S. M., Hoveland, L. L., Yar®tz, S., and Hurley, J. B. (1989).
The Drosophila Goa-like protein gene produces multiple tran-oligonucleotides and constitutively activated forms of dif-
scripts and is expressed in the nervous system and its ovaries. J.ferent G proteins to determine their effects on migratory
Biol. Chem. 264, 18544±18551.behavior. By applying these techniques to individual neu-
Devreotes, P. N., and Zigmond, S. H. (1988). Chemotaxis in eukary-rons within the developing ENS, we should also gain insight
otic cells: A focus on leukocytes and Dictyostelium. Annu. Rev.into the intracellular processes by which G proteins may
Cell Biol. 4, 649±686.regulate neuronal motility in the context of a developing
Doherty, P., and Walsh, F. S. (1994). Signal transduction events
embryo. underlying neurite outgrowth stimulated by cell adhesion mole-
cules. Curr. Opin. Neurobiol. 4, 49 ±55.
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